Magnesium diboride has been readily available to purchase "over the counter" for more than half a century. However, it was not until early 2001 that a group of Japanese researchers announced their discovery that it was superconducting, with a T C of 39 K [1] . This exciting discovery immediately attracted the attention of many research groups worldwide, and since then hundreds of research papers have been published on MgB 2 and MgB 2 -based devices. The justification of this drive is obvious: MgB 2 is a simple binary compound, both elemental components of which are inexpensive, abundant, and nontoxic. It has a simple hexagonal crystal structure, and a robust lattice, shown in Figure 1 . Perhaps most significantly, though, the high transition temperature signifies that MgB 2 -based devices should reliably operate at temperatures of up to 20 or even 30 K, easily made possible by closed-cycle cryogenic compressors or liquefied neon, thus immediately eliminating the need for expensive liquid helium and the associated bulk infrastructure [2] [3] [4] .
MgB 2 instantly drew interest from the health industry, and novel methods of synthesizing efficient superconducting wires (e.g., for magnetic resonance imaging (MRI) machines) were developed as early as 2003, and are continu-ally being improved. The main manufacturing challenge here is concerned with the porosity of the compound, and the operational limit is the critical current density-the maximum current the threads can sustain while remaining in the superconducting state-of the wire. After developing new methods of pressing the source material into wires, multicore geometries and sintering treatments, several commercial companies now offer MgB 2 wires with good application potential.
In addition to this, the newly found superconductor would also present some novel physics explored by the research community. Particularly, it appeared at first very surprising that such a compound could become superconducting at such a high temperature. This prompted a wealth of research into the mechanism of superconductivity and Cooper pair formation in MgB 2 , leading to the currently accepted explanation that MgB 2 presents two superconducting energy gaps. Simulations of the lattice and understanding of the electron bonds indicate that the two gaps coexist in the two directions of the crystal lattice. At 4.2 K, the π-gap has a value of ∼2.2 meV, and the large σ-gap has a value of ∼7.1 meV [5] [6] [7] [8] [9] [10] . The two gaps are coupled, and both close as the temperature increases to 39 K. Choi et al. [8] theoretically examined the origin and evolution of the two gaps on the Fermi surface of MgB 2 (Figure 2 ). The authors find that the crystal lattice (honeycomb planes of B atoms with Mg occupying the center of the hexagons in between B planes) is critical to electron bonding in the superconductor. Similarly to graphite, MgB 2 has strong σ bonds in the planes, and weak π bonds between the planes. The σ bonds are only partially occupied, resulting in strong cooper pair formation confined to the planes of the lattice, the cause of the large σ band gap. Furthermore, in 2009 the two gaps were theoretically predicted and experimentally found to behave in the two different superconducting regimes (type 1 and 2), providing yet another enigma and further research drive with this compound. Based on Bardeen-Cooper-Schrieffer (BCS) theory, Moshchalkov et al. [10] calculate the coherence lengths for the two gaps in MgB 2 , and find ξ π = 51 nm, and ξ σ = 13 nm, the former of which was in agreement with experimental vortex profile measurements [11] . The penetration depths, determined experimentally, were found to be λ π = 33.6 nm and λ σ = 47.8 nm [7] . The order parameter κ = λ/ξ for each gap can then be calculated, resulting in the surprising finding that κ π < 1/ √ 2, and κ σ > 1/ √ 2. Thus, the two superconducting gaps (in the clean limit) are expected to behave according to both type 1 (π-gap) and type 2 (σ-gap) superconductivity, and the authors coin the term "type 1.5" superconductivity for MgB 2 . By studying the equilibrium vortex structure observed by Bitter decoration on MgB 2 crystals and comparing these results to theoretical predictions for this new type 1.5 regime, the authors confirm that their two-component model fits very well with the new superconductor.
As the material properties of MgB 2 became better established, researchers began to integrate it in potentially highly impactful devices such as tunnel junctions. Indeed tunnel junctions would shed light on transport and speed limitations of MgB 2 , and are the first step towards Josephson junctions and subsequent highly sensitive field sensors, again with possible operating temperatures above 20 K. A significant research effort into MgB 2 thin films ensued, and several growth methods were established.
Some initial reports described processes requiring annealing (of e.g., a Mg and B superlattice) after deposition to achieve superconductivity in thin films [12] [13] [14] [15] [16] [17] [18] . Some of these films exhibited good superconducting properties, but their surface roughness and off-stoichiometric composition was a serious drawback for multilayer devices. Asdeposited superconducting films would allow for multilayers to be readily formed and would be greatly favorable for lithography. Some early researchers reported on as-grown superconducting films, but these showed poor crystallinity [19, 20] .
One deposition method which has been very successful and fruitful this past decade is the so-called hybrid physicalchemical vapor deposition developed by Zeng et al. [21] and Rowell [22] . This involves heating a substrate in the presence of Mg vapor while exposing the substrate to a flow of diborane gas, as schematically shown in Figure 3 . A highly crystalline MgB 2 layer then grows very quickly on the substrate, as long as the gas flow remains. Layers grown by this method display excellent T C and low resistivity comparable to annealed single crystals, accompanied by high critical current densities (∼10 7 A·cm −2 ). A drawback of this deposition process (in addition to the requirement of poisonous diborane) is the challenge of depositing multiple layers or tunnel junctions without breaking the vacuum and thus risking contaminating the surface. Nevertheless, this deposition technique has been a catalyst for MgB 2 thin film research around the world, with many dozens of projects and articles benefiting from these films (see, e.g., [23] and references therein), including Josephson junctions being successfully formed using Pb as a top electrode [24] .
A second successful deposition method established (including in our group) by 2002, has been the coevaporation of Mg and B in a molecular beam epitaxy (MBE) chamber [19, 25] . Magnesium and boron have very different vapor pressures, requiring coevaporation of the two materials separately, Mg in a Knudsen cell (k-cell), and B from an electron beam (e-beam) source. In addition, B has a very high melting point and becomes very strained during rapid heating and cooling, sometimes breaking, leading to large fluctuations in the evaporation rate or even explosion of the source material.
MgB 2 thin film deposition was achieved on Si wafers in an ultrahigh vacuum chamber, with a base pressure of under 5 × 10 −10 Torr. To promote lattice matching and avoid the formation of unwanted compounds such as silicon borides at the interface, a thin MgO buffer layer can be evaporated onto the heated clean Si (111) prior to MgB 2 growth. For MBE deposition of MgB 2 , the substrate temperature must be held above 250 • C, and care must be taken regarding the fluxes, and the ratio of Mg and B fluxes. Mg has a very high vapor pressure, reaching 10 −8 Torr by 185 • C, and hence will fail to condense onto a hot substrate when evaporated alone. In the presence of B, though, the compound may form and deposit onto the substrate. It is typically the case that the quantity of Mg present during growth should be up to five-times greater than that of B, to avoid B-rich insulating films. The optimal flux ratio changes at each substrate temperature, thus forming a narrow window of suitable growth conditions. Using this method, though, it is possible to obtain highly oriented and very smooth films (roughness below 0.5 nm), as seen by a collection of X-ray characterization measurements shown in Figure 4 .
Thin films grown by this method typically exhibit a transition temperature below 39 K, with thicker films (up to 200 nm thick) having a T C of 34 ∼ 37 K. T C is found to decrease with decreasing thickness, with 10 nm films becoming superconductive below ∼22 K. This difference between the transition temperature of the bulk and thin films is caused by factors such as lower growth temperature, strain, oxygen contamination, and nonstoichiometry. Strain is a major factor in film growth and in the thin limit the region in the MgB 2 which is under considerable strain due to lattice mismatching will have a proportionally large effect on the film properties. Even if the lattice matching is close, as is the case with an oriented MgO buffer layer, interfacial effects will always be detrimental to the film's properties. Oxygen content and contamination is one other harmful occurrence to MgB 2 thin films, as Mg has a strong tendency to associate with any O 2 present during growth, forming MgO. This can result in some oxygen defects being trapped in the deposited film, depending on the growth conditions. By varying the background oxygen content during growth, Van Erven et al. [25] determined that films deposited in as little as 3 × purely insulating behavior. Furthermore, stoichiometric films left uncapped but in an ultrahigh vacuum environment (6 × 10 −10 Torr) for even thirty minutes started to show signatures of oxygen contamination, as studied with Auger electron spectroscopy (AES). Perhaps more significant than the high-quality thin films which can be deposited by MBE, is the possibility of forming hetero-structures: in particular the ability to form tunnel junctions is a great advantage of this technique. Indeed, an as-deposited MgB 2 thin film in the chamber can immediately be capped with another material for protection prior to breaking of the vacuum. Furthermore, one can imagine and indeed achieve any combination of thin film devices into which MgB 2 can be integrated. The first device that comes to mind is naturally a tunnel junction-two conducting or superconducting layers separated by a thin insulating barrier. Tunnel junctions allow for the study of fundamental transport properties through the electrodes and the barrier (including spin-polarization studies [29] [30] [31] ) but also are the precursor to highly applicable Josephson junctions. Josephson tunneling is achieved when paired electrons (a super-current) tunnel through the insulator while remaining paired, thus without any voltage drop. This process is extremely sensitive to electromagnetic flux, thus making Josephson junctions the central component of numerous highly sensitive detectors [32, 33] .
Using MBE-grown MgB 2 coupled with a traditional low-temperature superconductor such as vanadium, Kim and Moodera [26, 34] successfully demonstrated all in situ thin film tunnel junctions. Following the growth of MgB 2 on Si (with the MgO buffer as described above), a thin layer of Al 2 O 3 was formed by oxidizing an ultra thin film of Al, and finally V cross-strips were deposited. Traditional four terminal transport measurements at 4.2 K and 1 K of such MgB 2 /Al 2 O 3 /V junctions revealed the typical superconductor-insulator-superconductor (SIS) quasiparticle tunneling behavior, with a clear superconducting gap structure emerging. Sum and difference gaps of the two top and bottom superconductor electrodes were clearly observed as expected, and shown in Figure 5 . The superconducting gap values at 2 K for the two electrodes were found to be 2.4 meV and 0.7 meV for MgB 2 (π-gap) and V, respectively. This yielded a reduced BCS ratio of 1.5 for the MgB 2 , showing weakly coupled superconductivity. At lower temperatures, for measurements taken at 0.45 K, additional features appeared in the conductance curve at values near 6.8 meV, corresponding to the MgB 2 σ-gap, shown in Figure 6 . The BCS ratio in this case is 4.25, a signature of strongly coupled superconductivity. Such experiments were repeated using MgO as a tunneling barrier, and the good tunneling behavior was reproduced. By reducing the thickness of the tunneling barrier, Kim and Moodera [26, 34] were able to observe Josephson tunneling in MgB 2 /Al 2 O 3 /V and MgB 2 /MgO/V junctions (inset in Figure 6 ).
Advances in Condensed Matter Physics The demonstration of clean quasiparticle and pair tunneling through an MgO barrier is significant, as it opens the possibility of using another layer of epitaxial MgB 2 , grown on top of the oriented barrier, as a top electrode. The MBE deposition method indeed allows for such all-MgB 2 junctions structures to be formed without breaking the vacuum. Such junctions would be a great implementation and use of MgB 2 's properties, completely eliminating the need for liquid He-based cooling, and benefiting from the fast operation speed possible due to the large energy gap. Kim and Moodera [34] realized such junctions in 2006, by successive deposition of MgB 2 , MgO, and MgB 2 . It is notable here that the top electrode could be of high crystalline quality for optimal device operation. Due to the nature of growth, it is unavoidable that the interface between the barrier and the top electrode would be rougher than those interfaces closer to the substrate. The effect of this was shown in the reduced T C of 28 K for the top MgB 2 , still a significant improvement over traditional low-temperature superconductors. Nonetheless, significant Josephson tunneling current was observed up to 25 K, and these junctions had an I C R N product of ∼4 meV. The I C R N product (of the critical current I C and the normal state resistance R N ) being so high and close to the π-gap value is a huge benefit for potential high-speed electronics applications. It is also noteworthy that it is relatively easier to form sandwich type junctions with MgB 2 compared to most of the oxide high-T C materials [35] .
The lateral size of Josephson junction stacks is essential when considering the effect of electromagnetic fields on Josephson signals. For the case of magnetic fields, it is well established that the phase of the Josephson current is linked to the total flux through the junction. At small enough junction sizes the current density through the entire area of the junction is uniform, and the maximum Josephson current, the critical current, follows the Fraunhofer diffraction pattern, [24, 32, 36] . Similarly, microwave irradiation of a Josephson junction affects the critical current, with radiofrequency (RF) power causing distinctive Shapiro steps in the current-voltage measurements [27, 32, 37] . Costache and Moodera [28] deposited all MgB 2 -based tunnel junctions by MBE, with an MgO tunnel barrier, similarly to the work described above. However in this case, instead of shadow masking during deposition, the films were postpatterned using standard optical lithography, so that junctions with lateral dimensions down to 20 × 20 μm 2 could be formed. The width of the junctions being smaller than four-times the Josephson penetration depth, these could be considered in the small junction limit. Despite the lithography and processing possibly damaging the superconducting thin films-the top electrode in particular-Josephson tunneling was observed in such devices up to 21 K. A thickness of 2.4 nm (as measured by quartz microbalance crystal during deposition) for the MgO barrier was determined as optimal for pair tunneling. This value was established as a tradeoff between leakage from subgap conductance for junctions with thinner MgO barriers, and quasiparticle tunneling dominated transport for thicker barrier junctions. The ac Josephson effect was measured for these junctions at 4.2 K and under RF irradiation of 9.3 GHz, and Costache and Moodera [28] observed clear Shapiro steps appearing as the excitation power was increased, as shown in Figure 7 . The occurrence of the Shapiro steps follow the expected voltage position values at with V = nh f /2e, with n an integer, f the excitation frequency, h and e Planck's constant and the electron charge, respectively. Potential issues with magnetic flux trapping in the MgB 2 , however, meant the critical current variation following the Fraunhofer diffraction pattern could not be observed in these junctions. Concerns thus may arise in these measurements as to the role of any leakage current in addition to the Josephson current. The Fraunhofer diffraction pattern has been shown by others in MgB 2 -based junctions [24, 36] .
Exploration of the dual-gap nature of MgB 2 has also yielded promising results. As mentioned above, the very large σ-gap with a value of 7.1 meV is potentially very useful for high-speed electronics. The proportion of transport through either or both of the two gaps is a function of the crystal direction, with π-gap transport dominant in the c-axis direction, and σ-gap dominant for the case of transport in the a-b plane. In order to study the properties of the σ-gap, Shim et al. [38] moved away from textured MgO barriers and studied all-MgB 2 junctions with polycrystalline Al 2 O 3 tunnel barriers. This would then cause a loss of orientation in the top superconductor, thus exposing potentially all crystal directions to the vertical current flow. XRD and cross-sectional transmission electron microscopy (TEM) confirmed that while the bottom electrode (grown on the MgO buffer) was epitaxial, the top MgB 2 was randomly oriented, shown in Figure 8 . It was also found that the T C of thin films grown on Al 2 O 3 was up to 10 K lower than identical films grown on MgO, for a range of MgB 2 thicknesses. Quasi-particle transport measurements taken Another approach to deposition of a robust tunneling barrier is sputtering. Sputtering can potentially yield a thin very homogeneous barrier without the experimental drawbacks of MBE. It is noteworthy that without a hightemperature postanneal it is unlikely that a sputtered barrier will be oriented. Using the same MgB 2 deposition method as previously discussed, we have explored sputtered MgO as a tunnel barrier for quasiparticle and Josephson junctions. Quasi-particle or Josephson tunneling was successfully observed, depending on the thickness of the barrier. An example current-voltage characteristics with an MgO barrier 2.5 nm thick in an all MgB 2 junction is shown in Figure 9 . This data was collected in constant-current mode, and displays two notable features: a small zero-voltage current, sustained briefly, and a jump to a resistive tunneling regime above 12.7 mV. This latter behavior indicates a superconducting gap, and corresponds to transport between the σbands of the two electrodes. The top electrode once again has a slightly reduced gap value as compared to the bottom electrode grown on the crystalline MgO buffer layer. Thus, in these junctions, roughness at the interfaces with the barrier and the fact that the sputtered barrier provides excellent coverage of this roughness can lead to in-plane tunneling channels to exist. These horizontal channels will also have an effectively reduced thickness as compared to the traditional vertical tunneling direction, explaining their prevalence in the measurements.
Until now, we have been mentioning MgO and MgB 2 in the same devices, but not in an interacting manner. The Mg content in both is a natural link between these two materials, and leads us to yet another possibility for a tunnel barrier, that of the natural oxide MgBO x . It is possible to oxidize the surface of MgB 2 in a controlled manner using O 2 exposure or a glow discharge plasma, both within the growth chamber, to form tunnel junctions with an MgBO x barrier. Although Josephson junctions were not formed with this barrier, quasiparticle tunneling and the superconducting gap were observed. Example differential conductance curves are shown in Figure 10 for a selection of bias voltage ranges. The barrier thickness as fitted to the current-voltage curve was found to be 2.1 nm, with a barrier height of 1.32 eV. The fact that tunneling and the superconducting gap features were observed is an encouraging indication that barriers formed directly by oxidation of MgB 2 might be viable and easy route for future devices. Singh et al. [39] also explored MgB 2 -based junctions formed using the native oxide as the insulating barrier. The oxide was formed by exposing the MBE-grown films to ambient atmosphere at room temperature or at 160 • C for one hour. They were able to detect gap features in the transport characteristics of such junctions at temperatures up to 30 K, and had pinhole-free barriers for areas larger than 1 mm 2 . Although the exact chemistry of the barrier is difficult to determine, and depends on the surface stoichiometry, this again demonstrates that natural oxide barriers are a promising and robust candidate for future implementation. More recently, Shen et al. [40] were able to form Josephson junctions by pressing together two oxidized MgB 2 thin films.
Planar or edge junctions using a thin film of MgB 2 have also been formed and studied [41, 42] . In these devices, one side of the superconducting film is removed, and a tunnel barrier and second superconducting electrode are then deposited, so that they overlap the step region in the MgB 2 . This has one clear experimental advantage which is that one lateral dimension of the junction area is determined by the thickness of the original film, thus can be reliably determined to be in the nanometer size regime. In addition, these junctions allow the direct probing of in-plane a-b plane transport, and thus the σ-gap of MgB 2 . In one case using these types of junctions, Brinkman et al. [41] observe a sharp peak in the spectra, possibly corresponding to Leggett 8 Advances in Condensed Matter Physics mode resonance [42] . This was predicted for multigap superconductors as a manifestation of the relative phase of the π and σ condensates, and MgB 2 is an ideal candidate to further explore this.
Inspired by previous work on the traditional elemental superconductors, one can transfer those ideas, and imagine a multitude of others, which can be fruitfully applied to MgB 2 . Particularly, the probing of the large σ-gap using lateral junctions is of great research interest with applications in mind. One such lateral junction geometry uses the deposition of a ferromagnetic material, for example, Fe, locally on superconducting channels. By proximity, this will destroy superconductivity in the MgB 2 in contact with Fe. Another approach is to constrict very thin MgB 2 channels, to again induce a nonsuperconducting segment to act as a normal metal barrier. Once this is achieved reliably, one can imagine a near-total break in the MgB 2 channel could act as a tunneling barrier. Developing on this further, a thin film of MgB 2 may be patterned directly into a superconducting quantum interference device by creating a flux penetration loop directly in the film. Examples of development devices for some of these ideas are shown in Figure 11 . In fact, with this robust material, one should be able to pattern an entire circuit incorporating junctions, detectors and other components directly into a film.
Moving away from traditional tunnel junctions, MgB 2 offers the potential for good insight and novel devices. For instance, point contact spectroscopy can be used to detect conductance in the sub-gap region due to the occurrence of Andreev reflection. According to recent theories, in a multiband superconductor like MgB 2 , interference can exist between different conduction channels. The multiband Blonder-Tinkham-Klapwijk model with interference effects included is now available and makes experimental investigation of such phenomena very valuable. Epitaxial MgB 2 thin films are an ideal prototype system for multiband superconductivity [43, 44] .
Overall, while concentrating on thin film junctions formed in situ, we have seen that MgB 2 holds great promise for the implementation of devices and detectors [23, [45] [46] [47] [48] . The interest naturally begins with the material; the relatively high T C and availability of Mg and B mean that MgB 2 is an ideal candidate for applications ranging from high-field magnet coils to single-photon detectors. Only one decade has passed since the discovery of its superconductivity, but already MgB 2 has generated terrific research in institutes and industries all over the world, and it is clear that its potential has not yet been fully met.
